Although silicon is not recognized as a nutrient, it may benefit rice plants and may alleviate the Mn toxicity in some plant species. The dry matter yield (root, leaf, sheaths and leaf blade) and plant architecture (angle of leaf insertion and leaf arc) were evaluated in rice plants grown in nutrient solutions with three Mn doses, with and without Si addition. The treatments were arranged in a 2 x 3 factorial [with and without (2 mmol L -1 ) Si; three Mn doses (0.5; 2.5 and 10 μmol L -1 )], in a randomized block design with 4 replications. The experimental unit was a 4 L plastic vase with 4 rice (Metica-1 cultivar) plants. Thirty nine days after keeping the seedlings in the nutrient solution the plant dry matter yield was determined; the angle of leaf insertion in the sheath and the leaf arc were measured; and the Si and Mn concentrations in roots, sheaths and leaves were determined. The analysis of variance (F test at 5 and 1 % levels) and the regression analysis (for testing plant response to Mn with the Si treatments) were performed. The Si added to the nutrient solution increased the dry matter yield of roots, sheaths and leaf blades and also decreased the angle of leaf blade insertion into the sheath and the foliar arc in the rice plant. Additionally, it ameliorated the rice plant architecture which allowed an increase in the dry matter yield. Similarly, the addition of Mn to the solution improved the architecture of the rice plants with gain in dry matter yield. As Si was added to the nutrient solution, the concentration of Mn in leaves decreased and in roots increased thus alleviating the toxic effects of Mn on the plants.
INTRODUCTION
According to the Instituto Rio Grandense do Arroz (2004) , the genetic potential for the production of current irrigated rice cultivars in Brazil is between 10 and 12 t ha -1 , a figure well above the average yield achieved in the 2005/2006 season, 3.875 t ha -1 . The development of cultivation techniques and the development of genotypes adapted to different environments make possible an annual increase in productivity of this crop in the country.
Rice can be grown in two systems, on highlands (dryland rice) and lowlands (irrigated rice). In the dryland system a lower level of technology is used, there is less yield stability and lower productivity compared to the irrigated system. The irrigated system occupies 55 % of cultivated area in the world and represents 75 % of total production (Fairhurst & Dobermann, 2002; Fageria et al., 2008) . In the irrigated system several nutritional disorders may occur e.g. toxicity caused by Mn. In this situation, low concentrations of O 2 in the soil facilitates the reduction of this nutrient (Ponnamperuma, 1972) to soluble Mn 2+ , which can reach concentrations toxic to plants (Sposito, 1982) . The high concentration of Mn 2+ in the rhizosphere may also result in antagonism between this micronutrient and other nutrients like Fe, Ca, Mg and Zn (Kabata-Pendias & Pendias, 1985; Fageria et al., 2008) .
Mn takes part in the photochemical stage of photosynthesis, the multiplication and functioning of chloroplasts, the synthesis of chlorophyll and is an activator or a cofactor of more than 35 enzymes (Malavolta et al., 1997) . The toxicity caused by Mn most severely affects the shoots rather than the roots of the plants, due to its accumulation in the leaves, causing characteristic symptoms. The most common are, small dark necrotic spots bordered by chlorotic tissue in older leaves, and shriveling in new leaves internerval chlorosis and along the leaf margins (El-Jaoual & Cox, 1998) .
In general, plant species differ greatly in foliar Mn concentration. Appropriate concentrations (30-500 mg kg -1 ), deficiency (10-20 mg kg -1 ) and toxicity (200-5300 mg kg -1 ) (Edwards & Asher, 1982; Clarkson, 1988 ) depend on the species, genotype, environmental conditions (temperature, humidity, pH, light, source of nitrogen), nutritional interactions with Ca, Mg, Fe, P, Mo and Si and the action of mycorrhizae (El-Jaoual & Cox, 1998) . Previous studies show that in rice cultivars tolerant to high concentrations of Mn, its accumulation occurs in the leaves. And depending on the species, the excess of Mn is stored in vacuoles, the cell wall or in the thylakoids (Lidon & Teixeira, 2000) .
Silicon is considered abenefitial element to rice which is one of the species that accumulate more Si in their tissues , Liang et al., 2007 . An estimated production of 5 t ha -1 of grain removes 230-470 kg of Si from soil (Savant et al., 1997) . In the biogeochemical cycle of Si, the major drain is represented by the plant, forming amorphous silica in the leaves (Basile-Doelsch et al., 2005) . The decline in rice productivity in some regions of the world may reflect this finding. Worldwide, the annual extraction of Si by plants is estimated at 210-224 Mt (Matichenkov et al., 2001) .
Among the benefits that Si brings to rice, it can be stressed the increase in plant growth production and the resistance to stress conditions such as diseases, pests, drought, salinity and lodging. Moreover, there is a reduction in the sterility of flowers and an increase in the photosynthetic rate due to the maintenance of more erect and rigid leaves, with greater light interception. Many of these benefits are attributed to the silica layer that accumulates in the leaves, below the cuticle (Ma, 2004; Liang et al., 2007) . Alvarez & Datnoff (2001) analyzed the economic potential of the application of Si in the integrated management and sustainable rice production in several producer countries of this cereal in the world. They concluded that the gains obtained from the implementation of this element exceed the costs of application.
Si can also alleviate the toxicity caused by Mn, Fe and Al, a fact verified in several species such as rice, cowpea and cucumber (Liang et al., 2007) . Some explanations for this effect, such as the reduction of the transport of Mn from roots to shoots and the homogeneity of its distribution, avoiding the concentration of spots on the leaves and the formation of necrotic spots, have been suggested (Horst & Marschner, 1978) . In more recent studies, Rogalla & Römheld (2002) reported evidences of the mechanisms involved in reducing this toxicity.
Among other benefits, the use of Si in rice nutrition could be an alternative to alleviate problems related to toxicity caused by Mn in environments prone to this occurrence. This study aimed to evaluate the plant growth, the plant architecture, and the contents of Mn and Si in parts of rice plants grown in nutrient solutions containing doses of these two elements.
MATERIAL AND METHODS
Plants were grown in hydroponics, in a greenhouse from the Soil Science Department at the Federal University of Viçosa, with the treatments arranged in a 2 x 3 (0 or 2 mmol L -1 Si; 0.5; 2.5 and 10 mmol L -1 Mn) factorial with four replications in a randomized block design. The experimental unit consisted of 4 L of a solution in a plastic pot with four rice plants (cultivar Metica-1) obtained from germinated seeds (six days in germinator at 25 ºC) on paper germitest moisted with distilled water. After removing from the germinator, the seedlings were grown for three days on a nutrient solution diluted to half strength. This solution was formulated with 1.25 mmol L -1 K (KNO 3 ); 0.25 mmol L -1 P (NH 4 H 2 PO 4 ); 3.75 mmol L -1 N [KNO 3 , NH 4 Cl, Ca(NO 3 ) 2 .4H 2 O and NH 4 H 2 PO 4 ); 1.0 mmol L -1 Ca [Ca(NO 3 ) 2 .]; 0.5 mmol L -1 Mg (MgSO 4 ); 0.5 mmol L -1 S (MgSO 4 ); 20 mmol L -1 Fe (Fe-EDTA); 0.3 mmol L -1 Cu (CuSO 4 .5H 2 O); 0.33 mol L -1 Zn (ZnSO 4 .7H 2 O); 11.5 mmol L -1 B (H 3 BO 3 ) and 0.1 mmol L -1 Mo (Na 2 MoO 4 .2H 2 O), according to Zanão Junior et al. (2009a) . After this period, the seedlings were sorted according to their uniformity and placed in pots containing a nutrient solution with the addition of Si (H 4 SiO 4 ) and Mn (MnCl 2 .4H 2 O) to establish the treatments. The H 4 SiO 4 was obtained by passing a solution of potassium silicate through a column of cation exchange resin .
The solutions in each vessel were changed every four days, daily, and the volumes restored with distilled water. This procedure was done along with monitoring and adjusting pH which was maintained near 5.6 ± 0.2 by adding NaOH or HCl 1 mol L -1 . The plants were held in the vessels using lids made of expanded polystyrene coated with aluminum foil.
After a growth period of 39 days, on each plant, the angle of insertion of leafs number 6, 7 and 8 (Yoshida, 1981) was measured with the aid of a compass and a protractor, and the average angle was calculated. On the same leaves and at the same time the leaf arc was measured, as illustrated in figure 1, to characterize the degree of curvature or bend of the leaf blade. After these measurements, the plants were cut and separated into roots and leaves (leaf blades and sheaths). These parts were washed with distilled water, dried in an oven with air circulation at 65 ºC for 72 h and weighed to determine dry matter production of roots and shoots (sum of dry matter of leaf blades and sheaths). The dry material was ground in a Wiley-type mill, passed through a sieve of 0.84 mm and mineralized in a solution (3:1 v v -1 HNO 3 + HClO 4 concentrated) where the levels of Mn, Fe and Ca were determined by atomic absorption spectrophotometry. The Si contents were determined by the method of alkaline digestion and dosage by a colorimetric method, modified by Korndorfer et al., (2004) .
The Analysis of Variance (ANOVA) was performed and the Si x Mn interaction was evaluated to assess the linear and quadratic effects of doses of Mn within each level of Si, by testing at the 5 and 1 % levels by the F test. Regression equations were adjusted for variables evaluated as a function of doses of Mn, with and without the addition of Si to the solutions.
RESULTS AND DISCUSSION

Response to Si
The addition of Si to the nutrient solution, regardless of the dose of Mn, significantly increased the dry matter production of roots, sheaths and leaves with the greatest gain in the shoot, which caused a decrease in root/shoot ratio (Tables 1 and 2) . Similarly, Deren et al. (1994) and Zanão Júnior et al. (2009b) obtained positive responses in the biomass production of rice with the addition of Si. On the other hand, Liang et al. (1994) , Carvalho (2000) , Silva & Bohnen (2001) and Mauad et al. (2003) found no significant change in dry matter yield of vegetative parts of rice with the application of Si. This lack of response to the application of Si in the nutrient solution may be related to the low doses of Si used, the low solubility of the sources used or to the polymerization with the formation of colloidal particles of hydrated silica. These occurrences may, according to Birchall (1995) , impede the adjustment of doses of monosilicic acid. Yet, in studies conducted in soil, the lack of response may be seen when the initial content of available silicon in the soil is above the critical level, as occurred in the work of Carvalho (2000) and Mauad et al. (2003) . According to Korndorfer et al. (1999) , Si content available in the soil (extracted with CaCl 2 0.05 mol L -1 ) less than 6-8 mg dm -3 , in general, indicates high probability of response to the application of Si.
The addition of Si to the nutrient solution decreased the angle of leaf insertion and the arc of the leaf in rice plants, modifying its architecture and favoring the predominance of more erect leaves on plants supplied with Si (Table 2; Figure 2 ). The decrease was, on average, 19 o in the angle and 3.45 cm in the foliar arc of plants supplied with Si compared with those not supplied. Keulen (1986) mentioned the leaf insertion angle as one of the most important features of the plant related to production capacity, emphasizing that the photosynthetic rate in plants with more decumbent leaves (larger angle) is smaller, being indifferent to the increase of the leaf area index (LAI) which is described by Brougham (1956) as the Table 1 (2001) mentions that the angle of leaf insertion is directly involved in the processes of interception and absorption of photosynthetically active radiation (PAR). In practice, it is expected that in plants with more decumbent leaves the leaves shadow one another making the plants reach a maximum LAI earlier than the plants with more erect leaves which intercept the photosynthetic radiation more efficiently. In this work, the modification of the plant architecture of rice due to the addition of Si to the solution certainly contributed to greater dry matter production. Additionally, it should be pointed out the presence of stomata on both sides of the leaf blade of rice, which, in plants with more erect leaves, increases the photosynthetic efficiency, decreases sweating, and increases the photosynthetic rate, as observed in rice fertilized with Si (Agarie et al., 1998; Carvalho et al., 2008) .
In this work we observed lower rigidity of the leaves and sheaths with plant inclination, mutual shading and lower production in the rice plants grown on solutions without the addition of Si (Figure 2 ). Dobermann & Fairhurst (2000) relate these symptoms to a deficiency of Si and mention that no other nutritional disorder in rice causes this type of symptom. Analyzing the root/shoot ratio (Table 2) , the allocation of dry matter to these two parts of the plant may indicate how plant growth occurred in response to treatments. According to Gunatilleke et al. (1997) , under non-limiting nutrient regimes in general, the species have a lower root/shoot ratio due to the shoot growth. According to Chapin (1980) , usually, a restriction of nutrients in conditions of not limiting light leads to the increased allocation of dry matter to the root in detriment of the shoot. In the present work, the results of the addition of 2 mmol L -1 of Si (Table 2 ) agree with these comments. In the presence of Si, the allocation of dry matter in shoots was stimulated, possibly by increased photosynthetic activity in non-limiting nutritional conditions. Assis et al. (2000) , working with two organic soils and the missing element technique, found that plants receiving full fertilization + Si had a lower root/shoot ratio than plants grown with complete fertilization -Si, in both soils.
There were higher Si contents in leaves and sheaths than in roots (Table 3) . This is because the Si is transported from roots to shoots through the xylem and the water loss by transpiration in the leaves leads to the formation of amorphous hydrated silica, mainly in epidermal cells of leaf tissues (Blackman, 1969) .
Si concentrations (on average 71.5 g kg -1 ) in the leaves of rice grown in treatments with the addition of this factor (Table 3) are adequate, according to Dobermann & Fairhurst (2000) , who assert that the Si contents in leaves must be above 50 g kg -1 . When compared to macronutrients, the concentration of Si is larger than that found for any of them (data not presented). In cultivation without addition of Si, the plants showed a foliar average of Si equal to 10.7 g kg -1 which was below the concentration considered adequate and occurred due to the presence of Si as a contaminant in chemical reagents, water and air (Werner & Roth, 1983) . Being below the adequate leaf Si concentration (Table 3) , it was not sufficient to provide beneficial effects to plants. The concentration of monosilicic acid was determined in the distilled water used in the experiment, showing the average value of 0.1 mg L -1 . Bohnen & Silva (2001) and Mauad et al. (2003) found, in the nutrient solution, no positive response of rice to Si, and detected low levels of leaf Si (well below the levels considered appropriate). The former authors found 15 g kg -1 Si in shoots of plants grown on nutrient solutions, values close to those found in plants grown without Si in the present work.
During the experimental work we observed the presence of white precipitate on the styrofoam plate used to support the plants and cover the pot. To show this occurrence, the styrofoam plates of some experimental units were covered with dark polyethylene for fifteen days. The precipitate formation was the result of fallen drops from the process of guttation and was not observed in plants grown in treatments without Si application. In the plants grown in the treatments that received Si, the precipitate was formed in abundance on the plate (Figure 3) . The polyethylene was removed and washed with 100 mL of water to determine the content of Si in the precipitate which was found in a concentration of approximately 50 mg L -1 .
The concentrations of Mn were higher in roots of plants on the solutions that received Si compared to plants on solutions that did not receive it (Table 3) . One explanation would be the deposition of Mn on the root surfaces, a result of the oxidation process, since, according to Horigushi (1988) , Si improves the oxidizing power of the roots. It is known that Si increases the volume and gives rigidity to the aerenchyma which is an air channel present in the Table 3 
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rice roots, and other plants, involved in the exchange of oxygen and other gases within the plant. Lignin is a component of the cell wall which binds Si (Inanaga et al., 1995) , more in roots than in leaves. Thus, the occurrence of more binding sites for Mn in the cell wall of roots of plants supplied with Si may have been the reason for the higher concentrations of Mn found. Moreover, Sangster (1978) observed that Si was deposited in open spaces in the roots. A precipitation of Si along with Mn, would explain the higher levels of this micronutrient in the roots of plants supplied with Si.
In leaves, the situation changed with plants grown on Si supplied solutions showing lower Mo concentrations than plants grown on solutions without Si (Table 3) . This suggests that, compared to what occurs in the roots, in rice leaves the Si supply changes the allocation of Mn in response to increasing Mn levels. In plants grown on solution with Si, the concentrations of Mn in roots, sheats and leaves showed closer values as compared to plants grown without a Si supply (Table 3 ). This was confirmed by the percentage distribution of Mn between roots sheats and leaves which was more homogenous in plants grown on solutions with Si (Figure 4 ). In the treatments without the addition of Si, the average content of Mn increased in roots (279 mg kg -1 ) in sheaths (910 mg kg -1 ) and leaves (1,177 mg kg -1 ) in the proportion 1.0:3.3:4.2 (roots:sheaths:leaves). With the addition of Si, the average content of Mn in those parts of the plants decreased and the ratio roots:sheaths: leaves changed to 1.0:1.3:1.2 (459 mg kg -1 in roots; 576 mg kg -1 in sheaths; 571 mg kg -1 in leaves).
Response to Mn
Without Si, the dry matter production of all plant parts increased significantly with increasing doses of Mn, further diminishing, which indicates the toxic effect of Mn at the dose of 10 mmol L -1 . The linear (1) and quadratic (q) functions indicate that the quadratic model fits the best to express the response in dry matter production as a function of increasing doses of Mn. With the addition of Si, the dry matter yield remained uniform even with increasing doses of Mn, with no significant effect of the micronutrient on the dry matter yield (Tables 1 and 3) . The visual symptoms of Mn deficiency were not detected, even in plants grown at the lowest dose (0.5 mmol L -1 Mn). A deficiency of Mn has a negative impact on productivity because it interferes in photosynthesis. This micronutrient participates in many biochemical reactions in plant photosynthesis, acting in the photolysis of water, oxygen evolution and chlorophyll synthesis (Thompson & Huber, 2007) . In the present work, the effect of the Mn doses was shown by the increased dry matter production of the rice plants in response to the increasing Mn concentration in the solution (Tables 1 and 3) . With the addition of Si to the solution, there was no effect of Mn doses. The highest average values of dry matter production of roots, sheaths and leaves found in the treatments with Si addition, as compared to treatments without Si (Tables 1 and 2) , suggests that the addition of this element resulted in a greater efficiency for plant growth, regardless of the Mn concentrations in the solution.
In the absence of Si, with the increase of Mn in the nutrient solution, there was a decrease of the leaf insertion angle with a negative linear response (Tables 1 and 2 ). This may have been the result of an increased production of lignin, due to Mn which provides additional rigidity to the cell wall and therefore to the leaves. With the addition of Si to the solution, the leaf insertion angle decreased, and even with increasing doses of Mn it was constant (y -= w = 9.53) ( Table 2) . As already discussed, regarding Si, the angle of leaf insertion is directly involved in the processes of interception and absorption of photosynthetically active radiation. Similarly, the gain in dry matter production due to the increase of Mn in the nutrient solution may be related to decreased leaf insertion angle in rice plants in response to increasing Mn levels ( Table 2 ). The effect of Mn on the decrease of the leaf insertion angle in rice was not expressed in the treatments where Si was added, probably due to the direct action of Si decreasing this angle.
In response to doses of Mn, the Si concentrations in roots were adjusted using the linear model, with or without the addition of Si to the solution whereas in the sheaths and leaves, the Si concentrations were adjusted using the quadratic model, for the solution without Si (Tables 1 and 3) . Fageria et al. (1984) reported that the level of Mn considered toxic to plants is above 1,000 mg kg -1 (with appropriate values between 30 and 600 mg kg -1 ). Tanaka & Yoshida (1970) mentioned that the Mn concentrations can reach values exceeding 3,000 mg kg -1 without causing toxic symptoms. El-Jaoual & Cox (1998) point out that these levels are dependent on other factors such as genotype, species and environmental conditions. In this study, the concentration of Mn in leaves in rice plants grown on solutions with 0.5 mol L -1 Mn without Si was 650 mg kg -1 , whereas with the addition of Si this value dropped to 110 mg kg -1 . In the solution with 10 mmol L -1 Mn (higher rate), without the addition of Si, Mn concentration in leaves was 2,158 mg kg -1 (well above the range considered toxic), falling to 1,035 mg kg -1 Mn (above the level considered appropriate, however, below the limit considered toxic) with the addition of Si. In the corresponding results, the average concentrations of Mn in leaves (1,177 mg kg -1 ) and sheaths (910 mg kg -1 ) in the treatments without Si dropped to 571 mg kg -1 (leaves) and 576 mg kg -1 (sheath) with the addition of Si to the solution (Table 3 ).
The action of Si alleviating Mn toxicity in plants, as occurred in the present work, is reported in many studies (Horst & Marschner, 1978; Iwasaki et al., 2002; Shi et al., 2005 and Liang et al., 2007) . According to El-Jaoual & Cox (1998) , to increase the tolerance of a plant to Mn toxicity, the involved mechanism must avoid the absorption and translocation of this element to the shoot or improve its distribution in the plant. In the present work there was a simultaneous diminishing of the Mn concentration in shoots with its increase in roots (Figure 4 ). Thus we see that the addition of Si helped block the transport of Mn from roots to the shoots, providing a more homogeneous distribution of Mn among the plant parts. Working with beans, Horst & Marschner (1978) showed that Si reduced transport of Mn from roots to shoots, homogenizing its distribution, and avoiding the concentration of this element in spots on the leaves as well as the formation of necrotic spots. Iwasaki et al. (2002) found that Si reduces the concentration of Mn by increasing its adsorption by the cell wall and also by the action of the soluble Si, which reduces the concentration of Mn in the environment. In cucumber plants grown with Si supply, Rogalla & Römheld (2002) found less than 10 % of Mn in the symplast and more than 90 % bound to the cell wall. Regarding plants that did not receive Si, the distribution of Mn was similar in the two compartments. These authors claim that tolerance of cucumber plants to Mn toxicity is also due to its attachment to the cell wall, which lowers its concentration in the symplast. More recently it was found that Si reduces membrane lipid peroxidation caused by excess Mn, causing a significant increase in the amount of antioxidants of enzymatic nature (superoxide dismutase, dihidroascorbato reductase, glutathione reductase and ascorbate peroxidase) and nonenzymatic (ascorbate and glutathione) (Shi et al., 2005) . Another hypothesis that should be studied is a possible formation of compounds of Si and Mn in the nutrient solution and its effects of Mn uptake by plants.
Mn concentration in roots, sheaths and leaves increased linearly, for both doses of Si, in response to the increase of Mn concentration in the solution (Tables 1 and 3) , thus confirming increased absorption of Mn when the concentration of the element in nutrient solution is higher. Adding Mn to soil, Pereira et al. (2001) found that its levels in leaves of rice cultivars increased quadratically in response to higher rates. Similar results were found for guava (Salvador et al., 2003) and soybean (Oliveira Júnior et al., 2000) .
The addition of Si to the solution increased the content of Mn in roots and decreased in leaves and sheaths (Table 3) showing a lower translocation of Mn to leaves which indicates that Si reduces the toxicity caused by Mn, what may be an alternative to alleviate such adversity. In areas where excess Mn is a problem, studies to establish rates and sources in order to increase the Si availability to rice plants must be implemented to supplement information for fertilizer recommendations for this crop.
Studies under field conditions should be performed in order to find the best ways, times, sources and doses to be recommended for silicon fertilization for rice. The use of Si in regular fertilization of rice, especially in soils deficient in this element, must be considered both to increase productivity and to restore the extracted Si by the plants. In soils where the levels of Mn are considered high, this practice may fend off the harmful effects of Mn.
CONCLUSIONS
1. Both the supply of Si and Mn (only in the absence of Si) to the plants decrease the leaf insertion angle of the rice plant improving its architecture and promoting dry matter production.
2. Si provides a more homogeneous distribution of Mn among roots, sheaths and leaves in the rice plant.
3. There is interaction between Si and Mn during the growth of rice, with Si benefiting the plant and minimizing the adverse effects of toxicity caused by Mn in plants.
